We present scanning near-field optical microscopy as an optical instrument characterized by a transfer function. This approach gives some theoretical guidelines for the design of near-field optical measurement systems. We emphasize that it is important to distinguish between the resolution for the optical field and the resolution for the object. In addition, we discuss the evanescent-to-propagating conversion capability of different probe tips.
INTRODUCTION
In our present paper, the near-field detection system is considered as an optical instrument characterized by a transfer function.' For this purpose, the measurement system is separated into different part as shown in Fig. 1 .
The object is illuminated by an incident wave and generates a field distribution in the output plane. In general, the interaction of light with sub-wavelength structures has to be computed rigorously. We define a spectral response function H0bJ as being the action of the object on the incident wave of a certain spatial frequency. The resulting field is detected by the scanning probe at a constant distance from the sample. The radiating part of the field propagates in free space, whereas the evanescent part is attenuated. This effect is described by the free space transfer function P. The probe itself is again characterized by a spectral response function This approach can of course also be applied to the inverse case, where the tip is used to illuminate the structure.
Compared to a classical optical instrument, the term resolution has to be defined differently in near field optics. In classical optics, the field is directly related to the object. Thus, the resolution for the field and the resolution for the object are the same. In near-field optics, due to the complicated interaction problem, the resolution is related to the ability to reconstruct the electromagnetic field in the output plane (or output space) of the object. In consequence, sub-micron resolution of a measured field does not imply sub-micron resolution of the object and vice versa.
We limit the analysis to non-elastic interaction, 2D geometry, and to TE-polarization.
SPECTRAL RESPONSE FUNCTION OF THE OBJECT
For linear materials and coherent illumination, it is possible to define a spectral response function H0bj(k, , k) which relates the output spatial frequency spectrum Uo (ks) to the incident excitation U11(k) by a linear superposition
This function describes the action of the object on an incident wave. In its most general form the entire spectrum is taken into account, i.e. -00 < k,,, k <00. In the case of a plane wave illumination (U11(k) = A0 6(k, -ko)),
Equation (2) is valid for the scanning near-field optical microscope (SNOM) and the photon tunneling microscope (PSTM/STOM) illumination. For deep structures (e.g. typical surface relief gratings) the calculation of Hobj(k , k) has to be made by rigorous diffraction theory.2 Due to the complicate interaction, the field generated by the object can differ strongly from the object itself. Therefore, care has to be taken when using an optical instrument for metrology of subwavelength structures.
FREE SPACE TRANSFER FUNCTION
The radiating part of the generated object field is propagating in free space, whereas the evanescent part is attenuated.
In the plane wave spectrum this transfer can be written as a filter function
where P(k, d) is the free space transfer function and d is the distance from the tip to the sample. In particular, the complex free space transfer function is given by
exp[-d"k -k2J for kI k where k = 2ir/A and A is the free space wavelength. Thus, evanescent waves are affected by an amplitude change, propagating waves by a phase change. The local sub-wavelength field information is contained in the evanescent waves. The exponentional damping of this evanescent waves has therefore some crucial consequences for the scanning tip distance. In the complete system the damping effect of the higher diffraction orders is even increased by the low-pass filter characteristic of the probe tip.
SPECTRAL RESPONSE OF THE TIP
The detection is made by scanning a tip over the sample. If the properity of the dectection system does not change during the scan the linear system is space invariant. Therefore, the detected signal can be expressed as a convolution Udet(X) = I: tx -x')Ud(x')x' = ttip * Ud ,
where t(x -x') is the impulse response of the detector. In frequency space Eq. (5) becomes a multiplication
where T(k) is the transfer function of the detector. For linear systems the transfer function is expressed as a linear superposition integral 
(8)
In the case of a cantilever tip based SNOM, the acceptance function of the detector is equal to the coherent amplitude transfer function (ATF)3 of the detection system. The different frequencies are now integrated over the numerical aperture of the system. For an ideal imaging system the coherent amplitude transfer function is a binary function, Eq. (7 ) rewrites as pk NA
where NA is the numerical aperture of the imaging system. The aim of the tip-detector is to provide sub-wavelength resolution. For this purpose, the geometrical dimensions of the tip have to be in the sub-wavelength range. Thus, the spectral response H1(k, k) also has to be calculated with a rigorous model. In Fig. 3 the spectral response of a coated and uncoated dielectric fiber tip is shown. The calculations have been made by a rigorous Fourier model method,2 by considering periodically arranged tips. The uncoated tips have higher coupling efficiencies for low spatial frequencies than the coated tips. On the other hand, the electromagnetic field is less confined, i.e. the angular spectrum is narrower. Hence, even the throughput of the uncoated tip is higher than of the coated, the resolution of the coated tip is higher.
CONVERSION CAPABILITY OF THE TIP
The spectral response k,) determines how much light of spatial frequency k is converted into waves of frequency k . It describes therefore also the evanescent-to-propagting wave conversion capability of the tip. Figure 4 shows the rigorous calculated spectral response Ht(O, k) of a slit aperture for different slit diameters. The aperture stop consists of a 6Onni layer of aluminum. If the slit aperture is larger than the wavelength, the spectrum corresponds to a sinc2(Ao/d) function. The conversion of evanescent waves (hence, waves with a/lc > 1) is then very poor. For smaller slit aperture ( d/A << 1) the spectral response changes, due to the finite conductivity of the metallic aperture stop. The spectral response becomes fiat. The conversion capability increases, also the total transmitted power is smaller.
-detector 
CONCLUSIONS
The near field microscope can be considered as an optical instrument defined by a transfer function. In this representation, the limitation of the microscope can be clearly discussed, although backrefiections from the tip are not taken into account. Sub-wavelength signals have to overcome the expontial attenuation due to propagation of the evanescent waves and the low-pass filter characteristic of the probe tip. The spectral response of the tip expresses the capability of conversing evanescent to propagating waves. We emphasize that there is a difference between the object resolution and the object field resolution. The resolution limit usually discussed in the open literature is the object fi eld resolution. The statement how good the object is resolved has lost its classical meaning in sub-wavelength optics. The object reconstruction itself (its geometry and its dielectric behavior) needs some a priori information about the object, the detection system and the illumination.
